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Down-Weighting of Multiple Affected Sib Pairs Leads
to Biased Likelihood-Ratio Tests, under the
Assumption of No Linkage
To the Editor:
In large nuclear families with several affected siblings,
affected-sib-pair analyses are often based on all the pos-
sible pairs of affected siblings that can be formed. Be-
cause of concern about dependence between sibling pairs
from the same family, it has been recommended that,
when tests for linkage are constructed, pairs from fam-
ilies with a large number of affected siblings be given
less weight (e.g., see Daly and Lander 1996; Davis and
Weeks 1997). Various weighting schemes have been pro-
posed (Hodge 1984; Suarez and Van Eerdewegh 1984;
Sham et al. 1997). However, several authors have shown
in simulations that likelihood-ratio tests weighted ac-
cording to the proposal of Suarez and Van Eerdewegh
(1984) are quite conservative (Meunier et al. 1997; Abel
and Mu¨ller-Myhsok 1998). Likelihood-ratio tests be-
have differently from other tests for linkage in sibling
pairs, such as the means test, and therefore should be
treated differently.
It is important to distinguish between the performance
of a test statistic under the null hypothesis of no linkage
(type I error) and the performance when there is linkage
(power). Sham et al. (1997), Blackwelder and Elston
(1985), and Suarez and Van Eerdewegh (1984) have
shown that, for any weighting function, the means test
statistic is unbiased and that, for large numbers of fam-
ilies, the test has the expected type I error under the null
hypothesis of no linkage. Different weighting functions
can, however, improve the power of the linkage tests.
Sham et al. (1997) also have shown that the most pow-
erful weighting function for the means test will be a
function of the true genetic model.
However, linkage tests based on the likelihood ratio,
such as the maximum-likelihood score (MLS) described
by Risch (1990), Holmans (1993), and Kruglyak and
Lander (1995), can have a biased distribution (i.e., one
that is not x2) when there are multiple affected sib pairs
per family, even under the null hypothesis. Unweighted
likelihood-ratio tests can be slightly anticonservative
(Kong et al. 1997; Abel and Mu¨ller-Myhsok 1998), and,
as noted elsewhere, the commonly used weights of
Suarez and Van Eerdewegh (1984), which weight each
pair by 2/k, where k is the number of affected siblings,
can be extremely conservative.
The deviation from the expected distribution for like-
lihood-ratio tests under the null hypothesis is due to the
distribution of the identity by descent (IBD) scores from
multiple sibling pairs. Although it has been shown that
the IBD statuses of any two sib pairs from the same
family are independent (Suarez and Hodge 1979; Hodge
1984; Blackwelder and Elston 1985), the pairs are not
jointly independent (Kong et al. 1997). Also, the distri-
bution of IBD sharing in large sibships will be highly
skewed. When small numbers of sibships are analyzed
by the means test, the skewness of the IBD distribution
can lead to P values that are too small (Kong et al. 1997;
Sham et al. 1997), but the impact of skewness decreases
as the sample size increases and the central-limit theorem
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Figure 1 Distribution of weighted and unweighted uncon-
strained likelihood-ratio tests for linkage, under the null hypothesis of
no linkage, for a fully informative marker: dots denote unweighted
tests, and plus signs denote weighted tests. The diagonal line shows
the expected distribution corresponding to .2x2
applies. Furthermore, when the IBD status is not known
with certainty, because of either incomplete marker in-
formation or missing parents, then there will be corre-
lation between the estimated IBD proportions from dif-
ferent sib pairs within a family (Kong et al. 1997), which
can bias tests of significance, even for large numbers of
families. For likelihood-ratio tests, however, we show
that the conventional weights of Suarez and Van Eer-
dewegh (1984) produce tests that, although conserva-
tive, deviate more strongly from the expected distribu-
tion than do the unweighted tests, even when a large
number of families are studied and the IBD status is
known with certainty.
The likelihood ratio–test statistic is 2 loge of the ratio
of the likelihood of sib-pair data when the three expected
allele-sharing proportions are estimated— —toˆ ˆ ˆL(z ,z ,z )0 1 2
the likelihood when these proportions are fixed at their
null-hypothesis values of (.25, .5, .2.5). When no con-
straints are put on the estimated proportions, this like-
lihood-ratio test is expected to be distributed as . The2x2
MLS of Holmans (1993), implemented in SPLINK (Hol-
mans and Clayton 1995) and MAPMAKER/SIBS (Krug-
lyak and Lander 1995), is also of this form, but the allele-
sharing proportions are constrained to fall within the
“possible triangle” bounded by and , soz  .5 z  2z1 1 0
the constrained likelihood-ratio test has a distribution
that is a mixture of x2 distributions with 1 df and 2 df
(Holmans 1993).
Unconstrained likelihood ratio tests.—Illustrating the
skewed distributions that can arise with weighting, fig-
ure 1 shows the distribution of unconstrained likelihood
ratio–test statistics from a simulation that includedmany
large sibships in which the fully informative marker was
unlinked to the disease locus. Individuals carrying one
or two copies of a disease-susceptibility gene with pop-
ulation frequency .1 were assumed to have a 75% prob-
ability of being affected. The sporadic rate was assumed
to be 15%, so that the gene increased disease risk five-
fold. Sibship size was generated from a geometric dis-
tribution with mean .3 truncated at a maximum of 12
sibs, and 100 families with at least 2 affected siblings
were ascertained. The mean number of affected siblings
per family was 2.6 (range 2–10; 3% of families had 6
affected sibs). Five hundred data sets were generated. In
figure 1, the allele-sharing estimates were not con-
strained to fall into the possible triangle (Holmans
1993), and so the expected distribution of these statistics
should be . It can be seen that the weighted likelihood-2x2
ratio tests, using weights of 2/k, do not follow the ex-
pected distribution but that the unweighted tests do, over
most of the distribution. (The top 3% of the unweighted
test statistics are larger than expected, which would lead
to anticonservative tests, as reported by others [Kong et
al. 1997; Abel and Mu¨ller-Myhsok 1998]).
Let wk denote a weight applicable to families with k
affected siblings; for example, the weight of w  2/kk
allows each family to contribute an amount proportional
to the number of affected sibs. Let zj be the expected
proportion of sib pairs sharing j alleles IBD ( ).j  0,1,2
Let rij be the probability that sib pair i shares j alleles
IBD at a particular location, given their marker data,
divided by the null-hypothesis probability that j alleles
are shared IBD. The sib-pair likelihood ratio–test sta-
tistic can be rewritten to group together all families with
the same number of affected sibs,
k 2max
LR  2 w log r z ,  ( )k ij j
k2 fk if j0
where kmax is the largest number of affected sibs in the
sample of families, the sum over f denotes summation
over all families with k affected siblings, and the sum
over i is over all sib pairs that can be formed in family
f. By use of a Taylor-series expansion of the likelihood
around the null-hypothesis values for z0 and z1, for each
set of families with the same k, the likelihood ratio can
be approximated by
kmax
′ 1[ ]LR ≈ 2 w D V D , (1) k k k k
k2
which is a function of the first derivatives with respect
to z0 and z1,
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′D  d d , k i0 i1[ ]fk if fk if
and of the second derivatives,
2d d d ⎡ ⎤i0 i0 i1
fk if fk ifV  ,k ⎢ ⎥2d d d i0 i1 i1⎣ ⎦fk if fk if
where and . The conver-d  (r  r ) d  (r  r )i0 i0 i2 i1 i1 i2
gence of each of these Taylor-series expansions follows
from, for example, the proofs by Self and Liang (1987),
as long as there are a sufficient number of families in
each category k.
In the means test studied by Sham et al. (1997), the
expectation of the numerator of their statistic, , was— 1z 2
always 0 under the null hypothesis, for any weighting
function. Different weights gave different powers to the
test. However, as can be seen from equation (1), the
likelihood-ratio test will have different expected values
for different weights even under the null hypothesis. The
likelihood ratio can be considered as a function of the
score variances Vk, rather than as a function of the mean
scores. Hence the problem for likelihood-ratio tests is
not to choose a weight that gives the best power but to
choose a weight that leads to the correct distribution
under the null hypothesis. In addition, the likelihood
ratio is a measure of the odds in favor of linkage. These
ratios will be affected by different choices of weights,
and therefore their interpretation becomes difficult.
When sib-pair IBD values are correlated within fam-
ilies, then an appropriate weight, based on the average
correlation over a set of families, should correct for this
dependence. Suppose that some correlation or clustering
does exist between affected sib pairs from the same fam-
ily. If V is the variance-covariance matrix of the score
elements for a set of independent sib pairs, then the
desired weight wk, which should give the correct distri-
bution to the likelihood ratio, is one in which 1V 
. In our simulated data, we estimated the strength1w Vk k
of the dependence between multiple sib pairs, to estimate
a value for wk. Obtaining estimates of the best weights
for elements of the score vector is similar to the problem
of estimating the design effects that are due to two-stage
sampling in linear-regression models (Scott and Holt
1982; for details, see Greenwood 1998). By means of
the procedure reported by Scott and Holt (1982), the
true variance of the estimate of the mean score elements
under clustering can be obtained by multiplication of
the variance, under simple random sampling, by the de-
sign effect, , where zkj is the
1r  1 (m  1) z kj kj kj wk
intraclass correlation, for element j of Dk, between two
sib pairs in the same family, and
—2 2 n dk fj
fkm  ,kj 2  dij
fk if
where is the mean value of dij in family f and nk is the
—
dfj
number of sib pairs from a family with k siblings, so
that .n  k(k 1)/2k
To evaluate the sizes of design effects for these sim-
ulations, the noniterative estimator of Eliasziw andDon-
ner (1991) was used to estimate the intraclass correla-
tion. Let Nk be the number of families in the sample that
have k siblings. Then the intraclass correlation can be
estimated by
¯ ¯( ) ( ) v   d  d d  d′ij kj i j kjf ′fk if i(i
z  ,kj 2¯( ) v (n  1)  d  dk ij kjf
fk if
where and is the sum over pairs
—
v  1/[n (n  1)N ] dk k k kjf
and families of the score elements, weighted by v (n kf
. If this intraclass correlation between the sib1)
pair–score quantities is small, then the value of rkj will
be close to 1. Note that the design-effect estimate de-
pends directly on the estimated IBD sharing (rij) and can
be calculated before estimation of the allele sharing zj
or the likelihood ratio–test statistic.
The design effect was assumed to be the same for each
element of the score vector, , so thatj  0,1 r  (r k k0
. In table 1, the estimated design effects rk are re-r )/2k1
ported for several different simulations of 1,000 families,
under the same generatingmodel as has been used above,
for LOD scores based on all pairs of the affected children
(where the LOD score is the likelihood-ratio test divided
by 2 log[10]). The variability due to sampling can be
seen by comparison of the simulations. For families with
only two affected children, the intraclass correlation is
0, and the design effect is always 1. The design effects
are given for families with three, four, five, or six or
more affected children, and the numbers in parentheses
are the number of families, per 1,000, that have that
number of affected children. In fact, the design effects
are almost exactly 1, for a fully informative marker,
which is in agreement with Kong et al.’s (1997) state-
ment that the correlation should be 0 for known IBD.
However, in the bottom section of table 1, the estimated
design effects are reported for another series of simu-
lations, in which IBD was estimated for a marker with
four equally frequent alleles, under the assumption that
the parents were unavailable. The design effects can be
substantially 11, implying positive correlation among
the score elements within sibships. Weights !1 would be
appropriate for this case, to avoid inflation of the type
I error. Notice that, in all cases, the inverse of the 2/k
weights and the weights based on information content
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Figure 2 Distribution of weighted and unweighted constrained
likelihood-ratio tests for linkage, under the null hypothesis of no link-
age: dots denote unweighted tests, and plus signs denoteweighted tests.
The diagonal line shows the expected distribution corresponding to a
mixture of x2 with 2 df and 1 df (Holmans 1993), for a fully infor-
mative marker.
Table 1
Estimated Design Effects for Three Simulated Data Sets of 1,000 Families, by Number of Affected
Siblings per Family
NO. OF AFFECTED SIBLINGS IN FAMILY
Three Four Five Six or More
Design Effect (No. of Families)
Fully informative marker:a
Simulation 1 1.043 (248) 1.002 (78) .996 (37) 1.013 (29)
Simulation 2 1.002 (232) 1.032 (93) 1.005 (39) .999 (27)
Simulation 3 1.000 (224) 1.004 (88) 1.007 (36) 1.001 (32)
Marker with four equally frequent alleles:a,b
Simulation 1 1.028 (248) 1.062 (78) 1.428 (37) 1.436 (29)
Simulation 2 1.050 (232) 1.294 (93) 1.172 (39) 1.225 (27)
Simulation 3 1.075 (224) 1.207 (88) 1.352 (36) 1.846 (32)
Inverse of Conventional Weights, 1/wk
k/2 1.5 2.0 2.5 3.0
Hodge (1984)c 1.214 1.553 1.912 2.278
a The three simulations are generated under the same model with different random number seeds and
show sampling variability.
b Parental-marker typing is unknown, and identity by descent is estimated on the basis of allele
frequencies.
c Inverse of the weightingt that Hodge (1984) suggested on the basis of the Shannon selective
information.
(Hodge 1984) are all substantially greater than the es-
timated design effects; use of the conventional weights
will produce an overly conservative result.
For unweighted test statistics in figure 1, the deviation
from the expected distribution, in the upper tail, is not
trivial. Therefore, even for a fully informative marker,
the distribution of the likelihood-ratio statistics has not
converged to , for 100 families. The divergence grad-2x2
ually decreases with sample size; for 500 families, there
is still a visible deviation from the expected distribution
(data not shown). This can be contrasted to the good
convergence of the means test statistics to the normal
distribution for large numbers of families (Sham et al.
1997; Kong et al. 1997). The score elements are nega-
tively skewed in large sibships, and this implies that there
tend to be larger deviations (in absolute value) from the
mean score when than when or 1.IBD  2 IBD  0
Such skewness is consistent with anticonservative like-
lihood-ratio tests. The design effects estimated above de-
pend on a two-term Taylor-series expansion, and there-
fore the approximation does not incorporate skewness
or higher-order terms. The correct weights for large fam-
ilies will be smaller than those based on these design
effects.
Constrained likelihood-ratio tests.—Figure 2 shows
the distribution of the constrained likelihood-ratio tests
for weighted and unweighted models (when the weights
of 2/k and the same simulation design are used). It can
be seen that the empirical distributions have a pattern
similar to that in figure 1. The tail probability, a, for
the constrained likelihood-ratio test with independent
sibling pairs can be expressed as 1 2a  P (x 1 Q)12
(Holmans 1993), where the angle v is av 2P (x 1 Q)22p
function of the expected information matrix and rep-
resents the probability that the allele-sharing estimates
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fall inside the plausible triangle. The conventionally
weighted tests, again, follow a biased distribution and
will be very conservative. The unweighted statistics have
a distribution close to the expected distribution, except
in the upper tail. As developed here, the estimated design
effects will be exactly the same for constrained or un-
constrained tests, since they depend not on the estima-
tion method but only on the score elements. However,
skewness of the IBD distribution, together with incom-
pletely informative markers, will increase the probabil-
ity, v, that the estimated allele sharing will fall inside the
plausible triangle, leading to anticonservative tests for
an unweighted analysis.
In conclusion, in most studies of affected sib pairs,
marker informativity will vary from family to family,
parents will sometimes be unavailable for typing, and
the skewness of the pairwise IBD distribution for large
sibships will persistently affect the likelihood ratio–test
statistic’s distribution even in large samples. Therefore,
the distribution of the constrained or unconstrained like-
lihood-ratio tests may be slightly anticonservative when
large families are not down-weighted (Abel and Mu¨ller-
Myhsok 1998). However, conventionally weighted like-
lihood-ratio tests and MLS results should be considered
to be extremely conservative if there are numerous fam-
ilies with many affected sibs. Further work is needed to
develop a weight that can be empirically estimated and
that is appropriate for likelihood-ratio tests even with
large sibships. Accurate assessment of sib-pair link-
age–significance levels, therefore, should be obtained (a)
by simulation for likelihood-ratio tests, (b) from the
means or proportions tests that are unbiased under
the null hypothesis, or (c) from a method that uses the
family as a unit rather than as component sib pairs. Of
course, when linkage exists, there may be differences
between the powers of these different approaches, so the
choice of test statistic should be based on additional
considerations.
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